1. Introduction {#sec1}
===============

1.1. Background {#sec1.1}
---------------

Currently, cities are homes to more than half of the world's population and population in towns and cities will reach 4.96 billion by 2030 [@bib1]. Urbanization improves living standards but increases the demand on natural resources at the same time [@bib2]. High-density living in high-rate urbanization enables cities to utilize resources more efficiently by decreasing traffic cost and other energy usage [@bib3]. However, designing high-density cities should also provide solutions to serious environmental problems caused by congested urban conditions [@bib4].

Hong Kong, as one of the high-density cities in the world, is highly efficient in utilizing land use and public transport. [Fig. 1](#fig1){ref-type="fig"} presents the extremely rapid and successful growth of Hong Kong in the last century. However, the high rate of urbanization in Hong Kong has largely affected low-level air flow. Optimizing urban permeability to ensure adequate natural ventilation in urban areas is a major design problem faced by city planners and architects.Fig. 1View of the Kowloon Peninsula and Hong Kong island in the 1900s and today. Source [@bib48], [@bib49]

High-rise compact building blocks and deep street canyons are unique urban form characteristics of Hong Kong, as shown in [Fig. 2](#fig2){ref-type="fig"} . Stagnant air in outdoor urban spaces worsens outdoor urban thermal comfort and urban air pollution dispersion. In summer, a decrease in wind speed from 1.0 m/s to 0.3 m/s is equal to 1.9 °C temperature increase, and outdoor thermal comfort under typical summer conditions requires 1.6 m/s wind speed [@bib5]. Wind data from an urban observatory station of Hong Kong Observatory (HKO) indicate that the mean wind speed at 20 m above the ground level in urban area, Tseung Kwan O, has decreased by about 40%, from 2.5 m/s to 1.5 m/s over the last 10 years [@bib6]. The frequent occurrence of high concentrations of pollutants, such as NO~2~ and respirable particles (RSP), in urban areas like Mong Kok and Causeway Bay has been reported by The Hong Kong Environmental Protection Department because of poor dispersion [@bib7]. After the outbreak of the Severe Acute Respiratory Syndrome (SARS) in 2003, the Hong Kong Special Administrative Region (HKSAR) Government strived to improve the local wind environment for better urban living quality. Relevant studies, policies, and technical guidelines, such as Air Ventilation Assessment (AVA) and Sustainable Building Design (SBD) Guidelines (APP-152), have been conducted on the urban planning and design process [@bib8].Fig. 2High-rise compact building blocks and deep street canyons in Hong Kong. Source [@bib50] and Google™

The Hong Kong Planning Department initiated the "Feasibility study for establishment of air ventilation assessment (AVA) system" in 2003. This study was to answer the fundamental question of "*how to design and plan our city fabric for better natural air ventilation?*" [@bib6]. The current air ventilation issues in Hong Kong were provided, and the corresponding qualitative urban design guidelines were given. The ultimate purpose of this study is to provide methodologies and guidelines to create an acceptable urban wind environment.

Unlike AVA, the SBD Guidelines (under APP-152 of Buildings Department HKSAR) are intended for building scale, which provides the quantitative requirements for three building design elements, namely, building separation, building set back, and site coverage of greenery. The SBD Guidelines aim to mitigate the negative effects of new building development on the existing surrounding wind environment and enhance the environmental quality of living spaces in Hong Kong. Without CFD simulation and wind tunnel experiment, SBD Guidelines enable architects to mitigate the undesirable effect of new buildings by modifying some simple design indexes, such as building length, distance to the adjunct streets or site boundary, width of the building gap, and size of wind permeability.

1.2. Objectives of this study {#sec1.2}
-----------------------------

The grid plan, which dates from antiquity, is widely used in planning mega cities, such as Manhattan, Philadelphia, and Mong Kok in Hong Kong. The urban fabric of Mong Kong is presented in [Fig. 3](#fig3){ref-type="fig"} . Pursuing with the AVA and SBD Guidelines, the current study takes the urban fabric of Mong Kok as an example to examine the pedestrian-level natural ventilation performance in the context of a regular street grid.Fig. 3Urban fabric of Mong Kok: The grid plan.

The computational parametric study is conducted in the current study to attain two objectives. First, the study aims to evaluate the effect of rapid urbanization in the last century ([Fig. 1](#fig1){ref-type="fig"}) on natural ventilation and predict wind performance in the future. Second, it aims to derive a scientific understanding of an acceptable outdoor thermal comfort in summer in choosing appropriate design and planning strategies to efficiently improve the pedestrian-level natural ventilation in a regular street grid while preserving land use efficacy.

2. Literature review {#sec2}
====================

2.1. Layer structure of the wind environment {#sec2.1}
--------------------------------------------

Wind field in the urban boundary layer is dramatically changed by urban geometry [@bib9], [@bib10], [@bib11], [@bib12] because buildings produce greater frictional drag than other surface roughness elements in a natural environment [@bib13]. The layer structure of the air flow above the urban areas has been widely discussed [@bib9], [@bib14], [@bib15]. As shown in [Fig. 4](#fig4){ref-type="fig"} , Oke [@bib9] provided the logarithmic wind profile in a neutral atmosphere, which is a semi-empirical relationship acting as a function of two aerodynamic characteristics, namely, roughness length (z0) and zero-plane displacement height (zd). Grimmond and Oke [@bib11] suggested a physical phenomenon to explain the need for zd in the function. With more and more new roughness elements being added to the surface, the new roughness elements decrease the drag force of those already on the surface because of mutual sheltering. The effective height of the canopy for momentum exchange is reduced. Therefore, to validate the logarithmic wind profile formula in urban areas, a new "ground surface" (zero velocity in the wind profile) is set to zd + z0 [@bib16], as shown in [Fig. 4](#fig4){ref-type="fig"}. The height of the zero velocity level is found to be about 1.5--2 m below the mean height of buildings; below this level, any wind velocity profile is possible [@bib14].Fig. 4Layer structure of the wind environment in the urban areas of Hong Kong. The logarithmic wind profile is presented. Below the level of zd + z0, any wind profile is possible.

The prediction and evaluation of air flow in the urban canopy layer (below the level of zd + z0) are necessary to solve several urban environmental problems, such as high heat island intensity and serious air pollution. Several studies in the last 30 years have focused on the wind environment in this layer [@bib12], applying the following methods, scales, and objectives:a.Methods: field measurement [@bib17], morphometric (geometric) method [@bib15], wind tunnel experiment [@bib18], [@bib19], and CFD simulation [@bib20], [@bib21], [@bib22];b.Scales: urban scale [@bib23], [@bib24] and building scale [@bib19], [@bib25];c.Subjects: real urban morphologies [@bib23], [@bib24] and generic building blocks [@bib19], [@bib25].

Hussain and Lee [@bib19] conducted a wind tunnel study on building scale, which clarifies three categories of air flow in the gap between two buildings arranged along the wind direction: isolated, wake interference, and skimming flows. This wind tunnel work is consistent with the understanding of Grimmond and Oke [@bib11]. Blocken et al. [@bib25] evaluated the air flow in the gap between two parallel buildings arranged across the wind direction using the commercial CFD code (Fluent 6.1.22). The study indicates that the pedestrian-level wind speed is accelerated in the passages between two parallel buildings.

The abovementioned studies focus on low-rise generic buildings blocks. In studying a real urban condition with high-rise and high-density buildings, Ng et al. [@bib24] drew a surface roughness map to detect the pedestrian-level air paths in urban areas using the frontal area density and ground coverage ratio. Compared with this surface roughness study, which is based on the understanding from the morphometric approach, Letzel et al. [@bib26] clarified the characteristics of air flow through complex urban geometry by conducting CFD simulations: a high-resolution parallelized Large Eddy Simulation (LES) simulation.

2.2. Outline of CFD numerical methods for neutral turbulence flows {#sec2.2}
------------------------------------------------------------------

The last 30 years have seen the remarkable rapid development of the application of CFD in environmental design. CFD has already been used not only as an environmental research tool to enlarge our predictive power but also as a design tool for urban planners and designers [@bib27]. Highly unsteady and three-dimensional turbulent flows in the atmospheric boundary can be simulated. Three methods are broadly discussed: Direct Numerical Simulation (DNS), LES, and Reynolds-averaged Navier--Stokes (RANS).

Compared with laminar flows, the fluctuations of turbulent flows are on a broad range of spatial and temporal scales [@bib27], [@bib28]. In DNS, all spatial and temporal scales of the turbulence motions are directly computed by Navier--Stokes equations without any approximations by turbulence models [@bib28]. Therefore, DNS is the most accurate among all of the simulation methods. However, all the length scales of turbulence should be resolved in the meshes [@bib28]. Thus, DNS computation to simulate the flows at high Reynolds numbers becomes extremely expensive.

LES method separates the turbulence flow into large and small scales and only focuses on the "large eddy". Small eddies, such as eddies in Kolmogorov scales, are eliminated from the solution to decrease computational cost. The unresolved scales of turbulence flows are approximated by the sub filter-scale turbulence models [@bib29], [@bib30]. Therefore, LES is less computationally costly than DNS. Currently, sufficient computer resources from parallel supercomputers enable the use of LES as a research tool, which is practical in a wide range of engineering applications to simulate high Reynolds flows, such as simulations of the neutral atmospheric boundary layer [@bib26].

Compared with DNS and LES methods, which are time-dependent approaches, the RANS method does not directly compute any turbulence by Navier--Stokes equations but approximates the turbulence flows by decomposing solution variables in DNS and LES into the time-averaged and fluctuating components:$$f = < f > + f^{\prime}$$where *f* is the instantaneous value of variables, such as velocity, in the Navier--Stokes equations, \<*f*\> is the mean value, and *f*′ is the fluctuating value. The turbulence models are to approximate the effects of *f*′. Therefore, compared with DNS and LES, RANS is a simplified engineering approximation broadly applied as a design tool.

3. Simulation method -- RANS κ--ω SST model {#sec3}
===========================================

According to the literature review in Section 2.2, the increasing number of turbulence flows (eddies) approximated by turbulence models considerably decrease computational cost, from DNS, LES to RANS. The current study tries out the RANS method to simulate the wind velocity in the neutral condition in the computational parametric study.

3.1. RANS and turbulence model selection (κ--ω SST turbulence models) {#sec3.1}
---------------------------------------------------------------------

Reynolds-averaged equations are yielded by substituting Equation [(1)](#fd1){ref-type="disp-formula"} to the Navier--Stokes equations. The incompressible flow equations with constant density (*ρ*) i.e., air flow in this study, can be written as follows:$$\text{Continuity}\ \text{equation:}\frac{\partial < u_{i} >}{\partial x_{i}} = 0$$ $$\text{Momentum}\ \text{equation:}\frac{D < u_{i} >}{Dt} = - \frac{1}{\rho} \cdot \frac{\partial < P >}{\partial x_{i}} + \frac{\partial}{\partial x_{j}}\left( {v\frac{\partial < u_{i} >}{\partial x_{j}} - < u_{i}^{\prime}u_{j}^{\prime} >} \right)$$where *x~i~*(*i* = *x,y,z*) are the coordinates, *u~i~* are the velocity vectors, *t* is time, *v* is the dynamic viscosity, and *p* is the pressure.

Equations [(2)](#fd2){ref-type="disp-formula"}, [(3)](#fd3){ref-type="disp-formula"} are similar with the Navier--Stokes equations, except that all variables in Equations [(2)](#fd2){ref-type="disp-formula"}, [(3)](#fd3){ref-type="disp-formula"} are time averaged, and the Reynolds stresses,$\  - < u_{i}^{\prime}u_{j}^{\prime} >$, must be approximated by turbulence models to close Equations [(2)](#fd2){ref-type="disp-formula"}, [(3)](#fd3){ref-type="disp-formula"}.

According to the different approaches of dealing with Reynolds stresses,$- < u_{i}^{\prime}u_{j}^{\prime} >$, the turbulence models can be categorized into two types: a) Boussinesq Approach--turbulence viscosity (κ--ɛ and κ--ω turbulence models) and b) Reynolds Stress Models (RSM). The RSM turbulence model, as an anisotropic model, attempts to consider the effects of Reynolds stress by using six equations to compute the $- < u_{i}^{\prime}u_{j}^{\prime} >$ directly. Therefore, RSM computation is more costly than the κ--ɛ and κ--ω turbulence models, where ɛ (turbulence dissipation rate), or ω the (specific dissipate rate) is assumed isotropic. RSM is more accurate than the κ--ɛ realized model in flows with strong anisotropic effects (i.e., swirling flows) [@bib31]. However, in normal flows, the accuracy of RSM is similar to the models by Boussinesq Approach [@bib32]. More validation and cross-comparison studies are required for the application of RSM models in urban wind environment, especially in the low-wind, high-rise, and high-density urban environment.

Both turbulence viscosity and RSM models are provided by the commercial CFD code, such as PHOENICS and Fluent. The current study applies the κ--ω SST models in the computational parametric study. The κ--ω SST model is a combination of the standard κ--ω model and κ--ɛ model. Walls are the main source of turbulence; therefore, the accurate near-wall treatment is significant for useful turbulence models [@bib33]. The standard κ--ω model, as a near-wall model, is more accurate than the κ--ɛ models in the near-wall layers [@bib34]. However, the standard κ--ω model cannot replace κ--ɛ models in the simulation of the outer part of the near-wall region [@bib34]. The κ--ω SST model uses the standard κ--ω model for the inner part and gradually changes to the κ--ɛ model for the outer part [@bib33], [@bib34].

3.2. Validation {#sec3.2}
---------------

Cross-comparisons of wind data from RANS (κ--ɛ models), DES, LES, and the wind tunnel experiments were conducted by a working group from the Architectural Institute of Japan (AIJ) to calibrate the CFD simulation results [@bib20], [@bib35]. The current study validates the accuracy of the SST κ--ω model by comparing the simulation results with the wind tunnel data from AIJ.

Menter and Kuntz [@bib34] compared the simulation results obtained from κ--ω SST and DES SST models. The data for comparison were a set of vertical mean wind velocity profiles across a single cubic block. The comparison result suggests that κ--ω SST, as well as the DES SST model, can predict air flow near the building, but it fails to reproduce the recovery downstream in the separation zone, which is far from the building [@bib34]. The current study mainly focuses on the pedestrian-level wind environment. Therefore, both the pedestrian-level wind speed distribution and vertical wind velocity profiles are compared with the data from the wind tunnel experiment.

### 3.2.1. Computational modeling {#sec3.2.1}

The accuracy of the simulation results significantly depends on the appropriate computational modeling, such as the domain size, grid size, and grid discrepancy. Therefore, the CFD simulation modeling for this validation experiment and the following parametric study comply with the AIJ guidelines for the urban pedestrian wind environment. AIJ guidelines are based on a number of cross-comparisons among CFD, wind tunnel experiments, and field measurements. By contrast, another popular guideline, COST recommendations, is based on the literature review [@bib20].

The computational domain size for the validation experiment is 500 m × 500 m × 60 m (W × L × H). The domain is divided into 139,170 grid points. As shown in [Fig. 5](#fig5){ref-type="fig"} , adaptive meshing method is applied to predict accurately the flows at the areas of interest and use the computational resources efficiently. [Fig. 5](#fig5){ref-type="fig"} shows that the finer scale grids are arranged at the areas around the building and close to the ground. To comply with the AIJ guidelines, four layers (layer height: 0.5 m) are arranged below the evaluation height (2.25 m above the ground). The maximum grid size ratio is set to 1.2, as shown in [Fig. 5](#fig5){ref-type="fig"}.Fig. 5Cross-section of the buildings and grids. The maximum grid size ratio is set to 1.2 and four mesh layers are arranged below the evaluation height.

### 3.2.2. Boundary condition and validation results {#sec3.2.2}

The inlet mean wind speed profile is set to$$\ U_{(h)} = U_{\text{met}} \cdot \left( \frac{h}{d_{\text{met}}} \right)^{a}$$where *a* is the surface roughness factor (*a* = 0.2), *U* ~met~. is the wind speed at the top of the domain (*U* ~met~ = 6.751 m/s), *d* ~met~ is the domain thickness (*d* ~met~ = 60 m) and *h* is the height. To compare with data from the wind tunnel experiment, the inlet wind profile in CFD simulation is set similarly as possible to the one from the wind tunnel experiment, as shown in [Fig. 6](#fig6){ref-type="fig"} . The outlet wind profile is set same as the inlet wind profile.Fig. 6Inlet mean wind speed profiles in the CFD simulation and wind tunnel experiment, and the simulation result (the contour of wind speed at 2.25 m above the ground).

The contour of wind speed at 2.25 m above the ground is presented in [Fig. 6](#fig6){ref-type="fig"}. [Fig. 7](#fig7){ref-type="fig"} shows the position of the test points and the cross-comparing result. The linear regression analysis result (*R* ^2^ = 0.853) suggests that the κ--ω SST model can predict accurately the pedestrian-level air flow caused by shape-edged buildings. To further validate the simulation results, the vertical profiles of the mean wind velocities from CFD simulation and wind tunnel experiment at position 1 and position 2 ([Fig. 7](#fig7){ref-type="fig"}) are also presented in [Fig. 8](#fig8){ref-type="fig"} . The results are consistent with the experiment results conducted by Menter and Kuntz [@bib34] and well compliment and validate the accuracy of the simulation. However, it should be noted that, when the wind velocity is very low, the deviations between wind tunnel data and the simulation results are larger than the standard deviation.Fig. 7Test points and the linear correlation of wind speeds from the CFD simulation and wind tunnel experiment (significant level: 0.95).Fig. 8The vertical profiles of the mean wind velocities from the CFD simulation and wind tunnel experiment. Locations of the vertical lines: Position 1 (windward) and 2 (leeward), as shown in [Fig. 7](#fig7){ref-type="fig"}.

4. Study method: parametric study {#sec4}
=================================

Compared with applied studies focusing on wind performance in real urban morphologies [@bib23], [@bib36], [@bib37], the current study uses the parametric approach to obtain the natural ventilation performance with generic building configurations. In the parametric study, cross-comparing the effects of different design issues is easier by observing changes in natural ventilation performance in different testing scenarios, thus identifying the critical design issues. Three groups, comprising 27 testing scenarios, are set up in three input wind directions and are simulated by the κ--ω SST model. Each testing scenario uses a building model matrix. The building model design, computational modeling of the testing scenario, and boundary conditions for CFD simulation are introduced in this section.

4.1. Building models for the parametric study {#sec4.1}
---------------------------------------------

Nine building models are designed to test the effects of different building morphologies on natural ventilation performance. The summary of these models is presented in [Fig. 9](#fig9){ref-type="fig"} . The site area remains the same at 200 m × 100 m.Fig. 9Summary of nine testing models which are designed to test the effects of different building morphologies on natural ventilation performance.

To evaluate the effect of urbanization on the urban natural ventilation and predict future conditions, three models (i.e. Cases 1903, 1, and 2) are designed based on the urban morphologies of the past, present, and future Mong Kok area in Hong Kong. The downtown area of Mong Kok has significantly changed over time. Compared with the Mong Kok of 1903, the present Mong Kok is extremely high density; the population density is mean 130,000 per km^2^ [@bib38]. Furthermore, given the present planning trend, the future population density of this downtown area will be much higher than the current density. Case 1903 is Mong Kok of the past characterized by three or four-floor buildings with a sloping roof. In the simplified parametric model, the sloping roof is replaced by a flat floor and 20 m building height. Case 1 is the present Mong Kok in which the height of buildings and podiums is on average 45 m and 15 m, respectively [@bib24]. The site area is not fully occupied, and a narrow gap exists. Case 2 is Mong Kok in the future in which the height of buildings is on average estimated to increase to 90 m. Moreover, the site area will be fully occupied in response to the increasing need for the land use.

To mitigate the negative wall effects caused by the alignment of long and tall buildings, various modification strategies are included, such as setting back buildings, separating the long buildings, stepping the podium, opening the permeability of towers and podiums, and creating a building void between towers and podiums. The efficiency of these modifications are tested together or individually by establishing six corresponding models (i.e. Cases 3--6a and b, and 7), as shown in [Fig. 9](#fig9){ref-type="fig"}. In Cases 3--7, the building volumes are similar to the one in Case 2 to keep the land use density constant.

Case 3 is similar to Case 2, except that the building is set back 15 m along the street in Case 3. It is opined that setting back buildings is relatively easy be applied in urban planning. Building separations along the prevailing wind direction are applied in Case 4. The decreased land use efficiency resulting from the building separations is compensated by higher towers (123 m). Case 5 is the combination of Cases 3 and 4. The stepped podium and building void in Case 6 are popular design strategies in Hong Kong, which are favorable for natural outdoor ventilation and greening. Air passages in high and wide buildings are applied in Case 7. This strategy is currently widely used in Hong Kong to mitigate the undesirable effects on the leeward wind environment.

4.2. Computational modeling {#sec4.2}
---------------------------

The computational modeling for the urban scale is used in the current study. Several parametric studies for wind evaluation and prediction are in the building scale, focusing on the air flow around only one or two simple and generic buildings [@bib22], [@bib25], [@bib39]. However, the turbulence kinetic energy produced by the urban context is difficult to be reproduced in the inlet boundary condition. The testing scenario modeled in the urban scale can approximately include the effect of urban context on air flow to evaluate and predict more accurately the natural ventilation performance in the area of interest.

In the current study, 27 testing scenarios are simulated in the neutral condition by the κ--ω SST model in three wind directions (0°, 45°, and 90°). As shown in [Fig. 10](#fig10){ref-type="fig"} , each testing scenario is made up of a corresponding model array (6 × 10) and two rows of surrounding randomized buildings. The same regular street grid is applied in all model arrays; the width of the street canyon is 20 m. To consider the effects of the urban context, only the wind data measured at the target area ([Fig. 10](#fig10){ref-type="fig"}) are used for numerical analysis.Fig. 10Computational domain and grids for the parametric study. The model array, randomized block, and the target area are presented.

The computational domain size is 3.2 km × 3 km × 0.45 km (W × L × H), as shown in [Fig. 10](#fig10){ref-type="fig"}. The grid point numbers are about 5.0--6.8 million on a case-by-case basis. Similar to the meshes in the validation study, the finer meshes are arranged at the areas around the buildings and close to the ground. To comply with the AIJ guideline, the maximum of the grid size ratio is set to 1.2, and the three grid layers (layer height: 1 m) are arranged below the evaluation level, indicating that the wind field at 3.5 m above the ground is analyzed.

To set the inlet boundary condition, especially for the Mong Kok area, by Equation [(4)](#fd4){ref-type="disp-formula"}, the site-specific annual wind rose data at a 450 m height are obtained from the fifth-generation NCAR/PSU meso-scale model (MM5) [@bib40]. As shown in [Fig. 11](#fig11){ref-type="fig"} , wind from the east and northeast sectors have the higher probability of occurrence, with wind from the northeast being the highest. Therefore, one of the input wind directions in the simulation is set to 90° as the prevailing wind direction. Simulations in the input wind directions of 0° and 45° ([Fig. 10](#fig10){ref-type="fig"}) are also included to describe comprehensively the natural ventilation performance in different wind directions. Wind speed at the top of the domain is set to *U* ~met~ = 11 m/s. It is the mean prevailing wind speed at a 450 m height in the summer. Owing to the high urban surface roughness, surface roughness factor (*a*) is set to 0.35 in this computational parametric study. The outlet wind profile is set same as the inlet wind profile.Fig. 11Site-specific annual wind rose of Mong Kok.

5. Result analysis {#sec5}
==================

5.1. Wind speed classification {#sec5.1}
------------------------------

For the performance-based analysis of the simulation results, a wind speed classification based on outdoor thermal comfort is derived. The earliest study on wind speed classification is by Beaufort (cited in [@bib41]). Murakami and Deguchi [@bib42] provided speed criteria for wind load effects on pedestrians by conducting a large wind tunnel test and field experiments. Unlike the abovementioned classifications in which wind is a kind of "nuisance", the current study considers wind as a benefit. Therefore, this classification is based on the outdoor thermal comfort and not on the wind force on pedestrians or buildings. Ng et al. [@bib43] conducted a survey to obtain the pedestrian-level wind speed threshold values, especially for outdoor thermal comfort in Hong Kong, using physiological equivalent temperature (PET) [@bib44]. In a typical summer day when air temperature is 27.9 °C and relative humidity is about 80%, wind speed of 0.6--1.3 m/s is required to achieve neutral thermal sensation (neutral PET: 28.1 °C). In another survey on thermal comfort in Hong Kong [@bib5], the wind speed settings with and without wind break are 0.3 m and 1.0 m, respectively, which is equal a 1.9 °C air temperature difference.

Therefore, based on the literature review, the classification of the pedestrian-level wind speed (*u*) is assigned as follows: Class 1: *u* \<0.3 m/s; Class 2: 0.6 m/s \>*u* ≥ 0.3 m/s; Class 3: 1.0 m/s \>*u* ≥ 0.6 m/s; Class 4: 1.3 m/s \>*u* ≥ 1.0 m/s and Class 5: *u* ≥1.3 m/s. These classifications denote "stagnant," "poor," "low," "satisfactory," and "good" pedestrian-level natural ventilations in street canyons, respectively.

5.2. Comparison of the natural ventilation performances in three input wind directions {#sec5.2}
--------------------------------------------------------------------------------------

The parts of the contours of mean wind speed in Case 1 are presented in [Fig. 12](#fig12){ref-type="fig"}, [Fig. 13](#fig13){ref-type="fig"} . The randomized cubic buildings prevent input air flow from directly entering into the gaps between two parallel buildings, enabling a more similar simulation results with the wind environment in real urban areas. As shown in [Fig. 12](#fig12){ref-type="fig"}, the accelerated wind speed is found at street canyons along with the wind direction. However, other than these areas, wind speed is significantly decelerated, especially in deep street canyons across the wind direction. When the input wind direction is changed from 90° to 45°, air flow can enter into the streets from both directions ([Fig. 13](#fig13){ref-type="fig"}). Therefore, areas with stagnant air are decreased. In the input wind direction of 0°, as shown in [Fig. 13](#fig13){ref-type="fig"}, air flow can penetrate more deeply into the streets than those in the prevailing wind direction (90°). The wind environments in three input wind directions are consistent with the statement in the AVA study: "*An array of main streets, wide main avenues and/or breezeways should be aligned in parallel, or up to 30 degrees to the prevailing wind direction, in order to maximize the penetration of prevailing wind through the district.*" [@bib6] Fig. 12Contour of wind speed in the wind direction of 90° (prevailing wind direction) at 3.5 m above the ground (Case 1).Fig. 13Contours of wind speed in the wind direction of 0° and 45° at 3.5 m above the ground (Case 1).

5.3. Comparison of the urban natural ventilation performances of nine building morphologies {#sec5.3}
-------------------------------------------------------------------------------------------

About 300 wind speed data in every test scenario are measured at the centerlines of four streets in the target area to evaluate natural ventilation performances numerically in different building morphologies ([Fig. 10](#fig10){ref-type="fig"}). Based on wind speed classification, wind data are organized using the relative frequency of the wind speed distribution to evaluate the natural ventilation performances in the target area. Cross comparison of the natural ventilation performances in the input wind direction of 90° (prevailing wind direction) is presented in [Fig. 14](#fig14){ref-type="fig"}, [Fig. 15](#fig15){ref-type="fig"} and in [Table 1](#tbl1){ref-type="table"} .Fig. 14Relative frequencies of pedestrian-level mean wind speed in Cases 1903, 1, and 2 (input wind direction: 90°).Fig. 15Relative frequencies of the pedestrian-level wind speed in Cases 1, 2, 3, 4, 5, 6a, 6b, and 7 (input wind direction: 90°).Table 1Summary of the relative frequencies of pedestrian-level wind speed in nine testing models (input wind direction: 90°).*u* \< 0.3 m/s stagnant0.6 m/s \> *u* ≥ 0.3 m/s poor1.0 m/s \> *u* ≥ 0.6 m/s low1.3 m/s \> *u* ≥ 1.0 m/s satisfactory*u* ≥ 1.3 m/s goodCase 19032.29%28.86%35.43%4.00%29.43%Case 125.67%43.67%30.33%0.00%0.33%Case 243.66%19.40%16.42%14.55%5.97%Case 322.02%24.19%28.16%20.58%5.05%Case 424.12%15.59%9.41%0.29%50.59%Case 513.06%20.47%12.17%3.86%50.45%Case 6a9.83%10.69%21.39%4.34%53.76%Case 6b2.60%23.41%22.25%0.29%51.45%Case 744.78%24.18%0.27%0.00%30.77%

[Fig. 14](#fig14){ref-type="fig"} shows the evaluation of the natural ventilation performances of the past, present, and future Mong Kok. The lowest relative frequency (2.29%) of the area with very poor natural ventilation (Class 1: *u* \<0.3 m/s) is found in Case 1903. Case 1 analysis suggests that natural ventilation performance in the present urban form (Case 1) has worsened to 25.67% in Class 1 and 43.67% in Class 2 because of rapid urbanization in the Mong Kok area in the last century. Case 2 analysis suggests that the relative frequency of the area with very poor air ventilation in the future urban form may reach 44%.

[Fig. 15](#fig15){ref-type="fig"} presents the effects of the design issues on the urban natural ventilation performance of Cases 3--7. For comparison, the Cases 1 and 2 are also included in [Fig. 15](#fig15){ref-type="fig"}. Building setbacks (Case 3) and building separations (Case 4) are helpful in improving pedestrian-level natural ventilation. Compared with that of Case 2, the relative frequency of Class 1 in Case 3 decreased to 22.02% and 24.12% in Case 4. However, wind performances in Cases 3 and 4 are still not good enough, resembling the condition in Case 1, which represents the current urban wind environment. Both building setbacks and separations are adapted in Case 5. The relative frequency of Class 1 is decreased further to 13.06%.

Stepped podiums and 10 m building voids are applied in Cases 6a and 6b. The relative frequency of Class 1 in Case 6a is 9.83% and 2.60% in Case 6b. Results indicate good natural ventilation performance close to Case 1903, even when land use density in Case 6 is higher than that in Case 1903. Air passages in the tower and podium is applied in Case 7. However, the relative frequency in Class 1 remains very high at 44.78%.

Two similar analyses are conducted using the wind speed data in the input wind direction of 0° and 45°. First, as shown in [Fig. 16](#fig16){ref-type="fig"}, [Fig. 17](#fig17){ref-type="fig"} , the relative frequencies of Class 5 *u* ≥ 1.3 m/s are much higher than that shown in [Fig. 15](#fig15){ref-type="fig"}. The findings validate that the change in street grid direction is helpful in improving natural ventilation performance. Second, the sensitivity of the natural ventilation performance to the changes in building morphologies is low, especially in the 45° input wind direction. Low sensitivity is attributed to the modification strategies designed according to the prevailing wind direction (90°).Fig. 16Relative frequencies of the pedestrian-level wind speed in Cases 1903, 1, 2, 3, 4, 5, 6a, 6b, and 7 (input wind direction: 0°).Fig. 17Relative frequencies of the pedestrian-level wind speed in Case 1903, 1, 2, 3, 4, 5, 6a, 6b, and 7 (input wind direction: 45°).

5.4. Comparison of the vertical profiles of the mean wind velocity {#sec5.4}
------------------------------------------------------------------

To describe the air flow in street canyons further and explain the analysis results stated in Section [5.3](#sec5.3){ref-type="sec"}, the vertical profiles of the mean wind velocity are measured at a point on the centerline of the street across the prevailing wind direction, as presented in [Fig. 18](#fig18){ref-type="fig"} .Fig. 18Mean wind velocity profiles measured at the centerline of the street canyon across the wind direction. Profiles from 50 m to 0 m are enlarged to show air flow close to the ground.

[Fig. 18](#fig18){ref-type="fig"}a shows profiles from 400 m to 0 m, indicating that building height significantly affects wind profiles, especially at zd + z0 values. The height of zero velocity in the wind profiles is close and is slightly lower than the mean height of buildings. The result is consistent with that of Oke [@bib16] and Lawson [@bib14].

Profiles from 50 m to 0 m are enlarged in [Fig. 18](#fig18){ref-type="fig"}b to show air flow that are close to the ground. Analysis results indicate that the wind environment at the pedestrian level is not affected by building height but is significantly influenced by building morphology in the podium layer. The results agree with the frontal area density study in the urban scale by Ng et al. [@bib24].

6. Discussion {#sec6}
=============

Based on the result analysis in Section 5, a number of understandings that are significant to urban planning and design can be stated as following:1)Street grid orientation in grid planning is a significant parameter in urban natural ventilation performance. Main streets should be arranged along the prevailing wind direction. The efficiency of the design issues also depends on the prevailing wind direction, as demonstrated in the results in Section 5.3.2)The mean building height decides the z0 + zd value in high-density urban areas. However, to pedestrians, urban ventilation performance mostly depends on the pedestrian-level building porosity.3)On the whole, decreasing the site coverage ratio helps increase the pedestrian-level natural ventilation performance. Comparison among Cases 3--5 provides a more detailed understanding. Wind profiles in Cases 3 and 4 suggest that, in high-density urban areas, building setbacks along the street across the prevailing wind direction (Case 3) are less useful than building separations along the prevailing wind direction (Case 4). On the other hand, the Case 5 ([Fig. 18](#fig18){ref-type="fig"}b) profile suggests that, if building separation is incorporated with building setback, the pedestrian-level wind speed on the leeward outdoor space can be further improved.4)Wind permeability in the podium layer is very useful in leading air flow to deep street canyons. In Case 6, the building void between towers and podiums significantly accelerates turbulent flows in the podium layer, and the stepped podiums lead air flow to the pedestrian level. Air flow across the building void (10 m) are numerically presented as red lines in [Fig. 18](#fig18){ref-type="fig"}b. The mean wind speed on the leeward outdoor space can be improved to approach the condition in 1903.5)Air passages should be arranged as close as possible to the ground level. Poor wind performance in Case 7 indicate that wind permeability in towers does not improve the pedestrian-level wind environment. On the other hand, compared with the profiles of case 6, it is known that the wind passage in the podium layer should incorporate the stepped podium to benefit the pedestrian-level wind environment, or the openings on the facade should be opened from the ground.6)Building setback, separation, and building permeability are helpful in improving the pedestrian-level wind environment. However, the levels of efficiency of these strategies differ. Natural ventilation performance in urban area results from the integral effects of buildings, therefore, considering the urban area as a whole is important. As such, air paths in the areas can be efficiently established and organized by applying different strategies to improve building porosity. Combining several strategies (urban planning + building design) is recommended because it is usually more efficient than any single strategy. Planners and architects should choose appropriate strategies based on the actual design requirements and insights from this section.7)The current study gives some scientific insights into the urban ventilation section of the Hong Kong Planning Standards and Guidelines (HKPSG) [@bib45], as it stresses the importance to design into the urban plan breezeways and air path with non-building areas and building setbacks from streets. Aligning of the streets properly and leaving sufficient open spaces that can be interlinked are equally important, as well as complimenting the urban planning efforts with building level designs. Building gaps, separations, and porosity close to the pedestrian levels are extremely useful in improving air space for urban air ventilation circulation.8)Increasing urban density has gained attention in recent worldwide discussions. Traditional wisdom attributes the decline of urban air ventilation to increasing urban density because of high urban frontal area density (FAD). This understanding is generally correct, and balancing the need to reduce land resource demand with designing more compact cities is also useful. The current study suggests that more insights should be gained to fine tune and design urban morphologies and building forms that "optimize" urban air ventilation. The optimization process can consider further the bio-meteorological needs of air ventilation in different climatic zones [@bib5].9)Evidence-based decision making is important, especially for market or policy transformation [@bib46], [@bib47]. This understanding is only possible with scientific and parametric studies that examine the sensitivity and performance of various design and planning options. The parameters should be defined carefully and practically to arrive at "realistic" results.

7. Conclusion {#sec7}
=============

In the current study, a computational parametric approach is presented to evaluate the effects of the different urban morphologies on the pedestrian-level natural ventilation environment through CFD simulation. Based on the literature review, different simulation methods and turbulence models are compared. The κ--ω SST turbulence model is applied in this study. Results of the comparison between CFD simulation results and wind tunnel data suggest that the κ--ω SST turbulence model is accurate enough to simulate the turbulent flows caused by shape-edged buildings. Unlike the wind field studies in real urban areas, the current study designs a number of parametric models to test the different modification effects on pedestrian-level air flow in street canyons. Compared with other parametric studies in which only one or two buildings are included, this study employs computational modeling in the urban scale to include the effects of the urban context. This study derives a wind speed classification based on the outdoor thermal comfort, as well as uses the relative frequency of the pedestrian-level wind speed and the vertical profiles of the mean wind velocity to evaluate the natural ventilation performance in street canyons. Cross-comparison results suggest that the sensitivity of the wind performance is not same to different modifications of building morphology. Relevant planning and design strategies are provided based on the findings of this study.

8. Limitations and further study {#sec8}
================================

The current study is limited by the computational parametric study, which only considers the wind environment in the urban context of a regular street grid. Other determinants, such as building disposition and various building heights, are expected to reveal more insights in future works. More advanced simulation methods are also expected for a more accurate CFD simulation, especially for very low-wind speeds.
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